Two members of a new class of anti conformationally locked 2'-deoxynucleoside mimics were synthesized starting from uridine through key 1-(β-D-arabinofuranosyl)uracil-6-carboxaldehyde intermediates. O5'-Mesylation of 1-(β-D-arabinofuranosyl)uracil-6-carboxaldehyde (5c) followed by pyridine-mediated transglycosidic displacement by the dominant 7,O2'-cyclic hemiacetal gave the locked 2',5'-dideoxyuridine mimic (7). Transglycosidic transacetalation in the 7,O2'-cyclic hemiacetal of 1-(5-deoxy-5,5-dimethoxy-β-D-arabinofuranosyl)uracil-6-carboxaldehyde (18) gave the locked O5'-methyl-2'-deoxyuridine mimic (6b). These transglycosidic dioxomethine tether constructions involve proximity-assisted displacement reactions and provide an entry into new, highly biomimetic, anti conformationally locked 2'-deoxynucleoside mimics for use as probes of conformation-activity relationships.
Introduction
Conformational restriction is a very useful tool for studying the relationship between molecular topography and biochemical or medicinal activity of nucleosides.
1 Transglycosidically tethered analogs are particularly useful when the focus of attention is the glycosidic bond, but in most cases the rotation of this bond is incompletely restricted-some residual rotational flexibility remains. The C6-spiro-fused 5,6-dihydrouridines 1 (X, Y = F, Cl, Br, NO 2 ) reported by Honjo are a rare exception.
2 They are 5,6-dihydrouridine arabinofuranosides in which both the 2' and 5' hydroxyl group oxygens have been attached to the pyrimidine C6 position. They are, in essence, completely rigidified mimics of the corresponding 2',5'-dideoxy-5,6-dihydrouridines (2). The cage-like carbohydrate moiety in 1 is related in a near-enantiomeric sense to 1,2,5-Obenzylidyne-β-L-arabinofuranose orthoesters reported by Kochetkov 3 and to 1,2,5-O-ethylidyne-α-D-galactofuranose orthoesters reported by Bertolini and Glaudemans. 4 The structural differences between 1 and its closest natural counterparts in RNA and DNA (dihydrouridine 3 and thymidine 4, respectively) limit their utility as probes of conformation/activity relationships. 5 Nevertheless, the idea of transforming arabinofuranosides into conformationally locked 2'-deoxyribonucleoside mimics by constructing a tether over the Some of the findings from our previous investigations 6 into the chemistry of 6-formyluridine, 6-formyl-2'-deoxyuridine, 6-formyl-1-(β-D-arabinofuranosyl)uracil, and 6-formylthymidine (5a-d, respectively) convinced us that this could be accomplished. The structures displayed by these compounds are dictated by their highly electrophilic carboxaldehyde group. While the ribonucleosides 5a,b and d exist as a solvent-sensitive collection of open (hydroxy-aldehyde) and 7,O5'-cyclic hemiacetal solution structures, the arabinofuranoside 5c exists exclusively as the 7,O2'-cyclic hemiacetal in all solvents examined. When taken together with the fact that 5'-carboxaldehyde nucleoside derivatives are known to be susceptible to hydrate and hemiacetal formation, 7 this raised the intriguing possibility that the 5'-carboxaldehyde derivative of 5c might exist at least partly in transglycosidically tethered form (6a). This form would be a highly biomimetic, anti conformationally locked and yet fully O-functionalizable 2'-deoxyribonucleoside mimic. As the nucleoside or even the nucleotide (i.e., 6, R = PO 3 H 2 ), it would be a valuable bioprobe of conformation-activity relationships by virtue of an exceptionally close structural resemblance to naturally occurring counterparts. The anticipation of access not only to separate C5' epimeric versions but also to purine-based versions (from 8-formyl purine nucleosides 8 ) only enhanced our interest in this attractive design construct, and so we began working on the construction of dioxomethine-tethered nucleosides. 
Results and Discussion
We searched for conditions that would assemble the desired dioxomethine tether, and first examined the ease of intramolecular dehydration in 5c to give a cyclic acetal. Even when heated at 65 o C, 5c was inert to exposure to TsOH or TfOH in (CH 3 ) 2 SO solution. The fact that the expected dioxomethine-tethered 2',5'-dideoxyuridine mimic 7 did not form under these conditions reflects the known difficulty of acetal formation in electron-deficient carbonyl groups, 9 seen before for 5. 6b,c Conversion of the 5'-or hemiacetal hydroxyl group in 5c to a good leaving group for intramolecular displacement was explored next. Treatment of 5c with an equivalent of MsCl in pyridine at increasingly elevated temperatures eventually produced 7, which was isolated in a 43% yield. Under different conditions, exposure of 5c to (EtO) 3 CH in the presence of TfOH gave 7 in a 57% yield. The dioxomethine-tethered 7 featuring a five-, a six-, a seven, and an eight-membered carbohydrate-associated ring was characterized by 1 H, 13 C, COSY, and short-range 1 H-13 C HETCOR NMR, and both low-and high-resolution FAB mass spectral analyses. The 1 H NMR spectrum was especially diagnostic. Both the large (14.2 Hz) geminal coupling of the diastereotopic 5'-CH 2 hydrogens and the moderate (6.6 Hz) vicinal one between H1' and H2' are consistent with the severe conformational restriction caused by the tether. A similar coupling constant pattern was found in the 1 H NMR spectrum of 2',3'-O-(isopropylidene)orotidine 5'-lactone, a reference compound we prepared from 2',3'-O-isopropylidenated 5a. In addition, only one of the H5' resonances (the downfield pro-R) is coupled (5.2 Hz) to the H4' one in 7. This same pattern is displayed not only by 2',3'-O-(isopropylidene)orotidine 5'-lactone, but also by certain 6,O5'-methanouridines reported by others.
1k By an MM calculation (Figure 1 ), 7 has a χvalue (O4'-C1'-N1-C2 dihedral) of 276 o , placing the glycosidic torsion in the "high" anti range.
The task of preparing a nucleoside like 7 but with an additional oxygen functionality at C5' was addressed next. Deprotection of 2',3'-O-isopropylidene-6-formyluridine 5'-carboxaldehyde 13 gave dialdehyde 8 (Scheme 1), but we were unable to generate its 2,2'-anhydride with (PhO) 2 CO, and thus could not access the arabinofuranoside. As shown in Scheme 1, only the 5'-carboxaldehyde of 8 could be acetalated under standard conditions (60%), and unfortunately a dehydration with (PhO) 2 CO intended to give the 2,2'-anhydride gave instead a complex mixture from which the epoxy acetal 10 was isolated as the major product. 10 The multistep pathway from 9 to 10 apparently involves a hydride transfer from C1' to the carboxaldehyde at some point. As shown in Scheme 2, the simultaneous masking of both carboxaldehyde groups in 8 as 1,3-diphenylimidazolidin-2-yls (DPIs) gave 11 (40%), but the reaction was sluggish and actually produced the 6-DPI 5'-dimethyl acetal (14, Scheme 3) to a greater extent (47%). Scheme 2
Our first attempt to convert 11 to its 2,2'-anhydride employed 1.3 equivalents of (PhO) 2 CO. This did give some of the desired 12, but the yield was very low (7%) and the O3'-phenoxycarbonylated derivative and a substantial amount of starting material were isolated. In the second attempt, 3.5 equivalents of (PhO) 2 CO and a slightly higher temperature were used to give the O3'-phenoxycarbonyl derivative of 12 in a satisfactory yield (66%). Rapid saponification (NaOH, THF, H 2 O, 23 o C, 1 h) of this gave the desired 12 (77%). Longer reaction times produced inseparable mixtures of 12 and the 6,O2'-cyclonucleoside 13, a compound generated by proximity-assisted intramolecular conjugate addition reaction in the open arabinofuranoside. Nucleoside 12 was treated with pTsOH in Me 2 CO/CH 2 Cl 2 in an attempt to remove both DPI groups prior to opening the 2,2'-anhydro linkage, but this failed. The same 6-DPI 5'-dimethyl acetal 14 obtained previously from 8 was also obtained from 9, but in a better yield (86%). As shown in Scheme 3, 2,2'-anhydro formation in 14 gave 15 (31%) together with its O3'-phenoxycarbonylated derivative (58%). Saponification of either of these gave the same 6,O2'-cyclonucleoside 16. Selective deprotection of 16 gave the hydrate 17 in a quantitative yield. Facile hydration in the corresponding aldehyde can be attributed to its two electronegative α-heteroatoms. In a transformation critically important to the construction of the dioxomethine tether, hydrate 17 afforded hemiacetal 18 (quantitative) simply upon desiccation. Just as had been found for 5c, 6b,c 18 exists as a 3:1 mixture of 7,O2'-cyclic hemiacetal diastereomers. Acid-catalyzed hydrolysis of the 5'-dimethyl acetal in 18 was sluggish, but eventually proceeded to give not the desired 6a, but its open 7, O2'-cyclic hemiacetal instead (60%, 2:1 mixture of diastereomers). Attempts to close this to 6a by heating (CH 3 ) 2 SO containing 4Å molecular sieves, in C 6 H 6 /DMA containing PPTS, in HMDS containing (NH 4 ) 2 SO 4 , or in pyridine containing Ac 2 O were unsuccessful. Similar attempts to access 6b by heating 18 in (CH 3 ) 2 SO containing TfOH or TsOH also failed, but intramolecular acetal formation in 18 was promoted by the action of TsOH in C 6 H 6 /DMA, and 6b was isolated in a 25% yield. This dioxomethine-tethered O5'-methylated 2'-deoxynucleoside mimic was characterized by 1 H and 13 C NMR and low-and high-resolution mass spectral analyses. Interestingly, it was isolated as a single diastereomer tentatively assigned the 5'-R configuration because the 3 J4 is close to the non-zero (5.2 Hz) 3 J4'-5'-pro-R one observed in 7. The fate of the absent 5'-S diastereomer will be investigated, as will other, milder methods for generating 6a and methods for generating the nucleotide (6, R = PO 3 H 2 ) analogs.
Conclusions
Our synthesis of 7 and 6b demonstrates how a β-facial dioxomethine tether can be constructed onto a natural β-ribonucleoside framework by the careful and deliberate management of proximity-assisted addition and displacement reactions in arabinofuranoside intermediates. The new anti conformationally locked nucleosides now accessible are highly biomimetic and should prove to be valuable bioprobes for the study of conformation-activity relationships involving 2'-deoxynucleosides, 2'-deoxynucleotides, and related species.
Experimental Section
General Procedures. Melting points were determined on a Thomas-Hoover UniMelt capillary apparatus and are uncorrected. Radial preparative-layer chromatography was performed on a Chromatotron instrument (Harrison Research, Inc., Palo Alto, CA) using Merck silica gel60 PF 254 as the adsorbent, flash column chromatography was performed using 230-400 mesh ASTM Merck silica gel-60, and TLC analyses were performed on Analtech 250 µm silica gel GF Uniplates. Lyophilizations were conducted on a Labconco Lypho-Lock 4.5 liter bench-top freeze-dryer. 1 H and 13 C NMR spectra were recorded on a Varian VXR-300 (300 and 75 MHz) or VXR-500 (500 and 125 MHz) instrument using (CH3)4Si or 2,2-dimethyl-2-silapentane-5-sulfonic acid, sodium salt (DSS) (δ= 0.0 for 1 H), and CDCl 3 (δ = 77.0 for 13 C), (CD 3 )2SO (δ = 39.5 for 13 C), or 1,4-dioxane (δ= 66.5 for 13 C in D 2 O) as internal reference. Short-range 1 H-13 C heteronuclear shift correlation (HETCOR) 2D NMR spectra were obtained on the VXR-300 instrument. Except where noted, the purity of compounds was shown to be >95% by TLC and high-field 1 H NMR. BuLi, iPr2NH, HCO 2 Et, (PhNHCH 2 )2, 2-iodobenzoic acid, KBrO 3 , TsOH, NaBH 4 , 2,2'-biquinoline, anhydrous iBuOH, and 1 M TBAF in THF solution were purchased from the Aldrich Chemical Co. TBDMS-Cl and TBDPS-Cl were obtained from Hüls America, Inc. The BuLi was titrated by the modified Watson-Eastham procedure.
11 THF and Et 2 O were dried by distillation from Na-benzophenone ketyl under argon. Pyridine and iPr 2 NH were dried by distillation from CaH 2 under argon. The HCO 2 Et was dried by distillation from P 2 O 5 under argon. Dowex-50(H + ) was obtained from the Sigma Chemical Co., and before use was washed with 1N HCl and then rinsed with distilled water until pH neutral. The Dess-Martin periodinane reagent was prepared according to the literature procedure.
12 Elemental microanalyses and mass spectral analyses were obtained from the University of Illinois. MM calculations were performed using Chem3D Pro v.5.0 from Cambridge Scientific Computing, Inc. (14) . A solution of crude 8 prepared from 200 mg of its 2',3'-O-isopropylidene derivative, 11 (PhNHCH 2 ) 2 (303 mg, 1.42 mmol), and 0.12 mL of glacial AcOH in 10 mL of absolute CH 3 OH was stirred for 3 d at 23 o C. The reaction mixture was partitioned between saturated aqueous NaHCO 3 and CH 2 Cl 2 , and the layers were separated and the aqueous phase was extracted with fresh CH2Cl2. The organic solutions were combined, dried (MgSO 4 ), and then rotary evaporated to dryness. Column chromatography (5% CH 3 OH/CH 2 Cl 2 as eluent) gave 168 mg (40%) of 11 as a pink powder and 155 mg (47%) of the 6-DPI, 5'-dimethyl acetal derivative (14) 153.4, 150.8, 147.6, 146.4, 146.3, and 145.2 (C2, C6, and four C 6 H 5 ), 129.5, 129.4, 129.1, 128.9, 122.5, 119.6, 118.3, 117.6, 117.4, 114.3, 113.5 and 113.0 (four C 6 H 5 ) , 102.7 (C5), 91.7 (C7), 83.3 (C4'), 75.6 (C1'), 73.3 (C5'), 72.1 and 69.7 (C2'/C3'), 50. 8, 47.0, 46.8 and 46 129.7, 129.6, 129.4, 129.2, 122.5, 118.8, 118.2, 118.1, 117.8, 113.4, 113.3, and 112.8 (two C 6 H 5 ) , 108.1 (C5), 89.4 (C2'), 86.7 (C1'), 85.7 (C4'), 74.9 (C3'), 73. 13 C NMR (CDCl 3 ) δ171.6 (C4), 160.4 (C2), 152. 6, 150.5, 147.8, 147.3, 146.2, 145.8, 144 .9 (C6, C 6 H 5 OCO 2 , and five C 6 H 5 ), 129. 8, 129.7, 129.6, 129.5, 129.4, 126.7, 122.5, 120.6, 119.6, 119.3, 118.7, 117.8, 114.8, 113.6 and 113 .2 (three C 6 H 5 ), 109.6 (C5), 88.5 (C4'), 88.3 (C1'), 85.8 (C2'), 78.0 (C3'), 74.5 (C7), 73.4 (C5'), 50.7, 49.3, 47.6 and 46.0 (two NCH 2 2 J5a-5b = 15.9 Hz). 5'-Deoxy-5',5'-dimethoxy-6-(1,3-diphenylimidazolidin-2-yl)-2,2'-anhydrouridine (15) . A solution of 14 (120 mg, 0.235 mmol), (PhO) 2 CO (100.7 mg, 0.47 mmol) and NaHCO 3 (2.0 mg) in 0.5 mL of DMF was heated at 135-155 o C for 1 h. The solution was rotary evaporated to dryness in vacuo, and the residue purified by chromatography to afford 15 (35.8 mg, 31%) and 3'-phenoxycarbonylated 15 (83.7 mg, 58%). 15: 1 H NMR (CDCl 3 ) δ 7.32-6.66 (10H, m, two C 6 H 5 ), 6.53 (1H, d, H1'), 6.23 and 6.03 (each 1H, each s, H5 and H7), 6.20 (1H, bs, 3'- '-2' = 6.3, 3 J4'-5' = 3.3 Hz. 13 C NMR (CDCl 3 ) δ 173.4 (C4), 161.4 (C2), 148.7, 148.2, and 144.5 (C6 and two C 6 H 5 ), 129.5, 129.4, 122.8, 118.8, 118.1, and 112.4 (two C 6 H 5 ), 107.3 and 103.3 (C5/C5'), 90.1, 88.9, 88.8, 76.5, and 73.1 (C1', C4', C2', C3', and C7) C2), 152.4, 150.5, 148.9, 147.8, 144.6 (C6, C 6 H 5 OCO 2 , and three C 6 H 5 ), 129.6, 129.5, 129.3, 126.5, 123.0, 120.5, 118.2, 115.4, and 112.5 (three C 6 H 5 ) , 107.7 (C5), 102.9 (C5'), 89.9 (C1'), 86.0 (C4'), 85.1 (C3'), 81.4 (C2'), 73.1 (C7), 56. 8 and 56.6 (each CH 3 [3] [4] [3] [4] [5] C NMR (CDCl 3 ) δ 165.7 (C4), 150.1, 147.8 and 146.3 (C2 and two C 6 H 5 ), 129.1, 128.9, 119.8, 119.0 116.3 and 114.1 (two C 6 H 5 ) , 104.1 (C5'), 100.2 (C6), 89.2 (C2'), 88.8 (C1'), 84.6 (C4'), 77.7 (C7), 74.4 (C3'), 56.7 and 55.1 (each CH 3 O), 49.8 and 48.4 (NCH 2 [3] [4] [5] Hz. 13 C NMR ((CD 3 ) 2 SO) δ 162.5 (C4), 150.6 and 148.8 (C2/C6), 102.9 (C5'), 99.5 (C5), 87.1 (C7), 84.2 (C4'), 78.0 (C1'), 75.4 (C3'), 73.8 (C2'), 54.2 and 54. The residue obtained upon rotary evaporation to dryness in vacuo was separated by ascending preparative chromatography (silica gel, 15% MeOH/CH 2 Cl 2 as eluent), and the purified compound was dried (Abderhalden, P 2 O 5 , 45-50 o C). Lyophilization of an aqueous solution followed by desiccation gave the deprotected material (8.4 mg, 54%) found to exist as a 2:1 mixture of 7,O2'-cyclic hemiacetal
